Abstract: High-temperature single-pass compression experiments were conducted on alloy 800H using a Gleeble 3500 thermal-mechanical simulation testing machine, and hot deformation behaviors at temperatures of 1,000-1,150°C and strain rates of 0.01-1 s -1 were investigated. The results revealed that dynamic recrystallization (DRX) behavior occurred more easily under deformation conditions with relatively low strain rates and high deformation temperatures. By taking the influence of strain on the hot deformation behavior into consideration, a strain-dependent hyperbolic sine constitutive model was constructed. Based on this revised constitutive model, flow stress during deformation was predicted. The linear relation between the predicted value and the experimental result was as high as 0.99648, and the absolute average relative error was 2.019 %. Thus, it was demonstrated that the strain-dependent analysis provided a constitutive model that was able to precisely predict flow stress under experimental conditions.
Introduction
Alloy 800H is a solid solution strengthened alloy with additional strengthening from Ti(C,N) and M 23 C 6 (enriched with Cr), similar to Fe 32 Ni 20 Cr austenitic stainless steel in its chemical compositions [1] . Due to its high strength, favorable anti-creep characteristics, and anti-oxidative properties, it is widely used in temperatures over 600°C, such as in petrochemical catalytic pipelines, heat-exchange tubes in steam generators for nuclear power stations, and radiant tubes used in metallurgical industries [1] [2] [3] .
Hot deformation plays an important role in the control of microstructures and subsequent performance optimization of various metallic materials [4] . High-temperature constitutive modeling is an efficient approach to studying the hot deformation of metals, and the relationship between flow stress and deformation parameters during hot deformation is very complex [5] [6] [7] . The most widely accepted constitutive equation in the hot working domain is the Arrhenius-type expression that relates to flow stress, strain rate, and temperature and was first proposed by Jonas et al. [6] Then, many investigations have established the flow stress of various metallic materials during hot deformation by the Arrhenius equation [8] [9] [10] . The original Arrhenius equation is developed based on a specific stress value (such as peak stress) or the stress value corresponding to a specific strain. However, the influence of strain on the hot deformation behavior is not considered, which leads to errors in the predicted flow stress values. Hence, it is of great importance to establish a more accurate constitutive model by taking the strain into account. Aiming to overcome these drawbacks, Sloof et al. [11] coupled the strain factor into traditional models and constructed a hyperbolic sine constitutive model in which the material constants were decided by strain. Based on this revised model, they were able to precisely predict the flow stresses of a wrought magnesium alloy with different deformation parameters. To date, constitutive models of many metals have been successfully developed based on this revised constitutive model [12] [13] [14] [15] .
However, since the high temperature of alloy 800H is not clearly understood, there are still a large number of difficulties in the production of hot rolled sheets. Thus, it is quite imperative to investigate the hot deformation behavior of alloy 800H and further develop the constitutive relationship in pursuit of desired processing parameters. In this paper, the influence of different deformation parameters on the microstructure of alloy 800H was investigated. The material constants, including the apparent activation energy, were calculated via traditional constitutive models under different strains. Since the alloying degree of this material is comparably high, the nonlinear relationship between the material constants and strain is more complicated than those of 6061 aluminum alloy [13] , 35Mn2 steel [14] , and 10CrMoWNb ferritic-martensitic steel [15] . Therefore, in this study, polynomial fitting material constants based on the least square method was adopted to construct a strain-dependent constitutive model, with fitting times set greater than the previously mentioned materials. In the end, the relative linear coefficient and average relative error were introduced to evaluate the accuracy of the alloy 800H hot deformation constitutive model in predicting the flow stress within the experimental range.
Experiment
The chemical composition (in mass fraction %) of alloy 800H was 0.061 C, 20.3 Cr, 30.89 Ni, 0.43 Ti, 0.78 Mn, 0.05 Si, 0.05 Cu, 0.39 Al, 0.02 Ni, 0.006 P, 0.005 S, and the balance was Fe. The raw material was machined into cylindrical bars measuring 8 mm in diameter and 12 mm in length. Isothermal single-pass compression tests were conducted using a Gleeble3500 thermal-mechanical simulation testing machine under constant strain rates. A tantalum sheet with a thickness of 0.05 mm was placed between the samples and compressing dies in order to reduce the drum bulging effect caused by sample-end friction. All the tests were carried out in vacuum to avoid surface oxidation during heating.
The compressive deformation processes are described in detail in Figure 1 . The samples were heated up to 1,150°C at a heating rate of 10°C/s and then insulated for 10 min to realize austenitic homogenization. The equiaxed grains with average size of about 96 μm and some annealing twins were observed in alloy 800H, and the solution-treated microstructure is shown in Figure 2 . Afterward, the samples were cooled at a cooling rate of 5°C/s to the deformation temperature and insulated for 30 s to eliminate temperature gradients inside. Next, the samples were compressed. The deformation temperatures were set between 1,000°C and 1,150°C, and the strain rates were between 0.01 and 1 s -1 . After the true strain of 0.8 was reached, the samples were quickly quenched to maintain the high-temperature deformation microstructures. The samples were cut parallel to the compression axis. After polishing and corrosion, the microstructures were characterized using an optical microscope.
Results and discussions
True stress-true strain curves
The true stress-true strain curves of the alloy 800H with different deformation parameters are displayed in Figure 3 . It was discovered that the deformation temperature, strain rate, and strain have significant effects on the flow stress. The majority of the flow stress curves at lower strain rates or higher deformation temperatures indicate the following characteristics: there exists a peak stress at small strain levels due to initial working, and softening after the peak stress, which is a typical characteristic of dynamic recrystallization (DRX). . It was seen that with increasing temperatures, the DRX behavior became more obvious, and the flow stress level decreased. The temperature increase accelerated the grain boundary migration, which was beneficial to the nucleation and growth of DRX [16] . The stronger the recrystallization, the lower the flow stress level was. The flow stress curves under different strain rates are displayed in Figure 3 (b) at the deformation temperature of 1,050°C. When the deformation temperature was fixed, the time for nucleation and growth of recrystallization became more significant with the slowing down of the strain rate. This effect was mainly reflected in the occurrence of the peak value and late-stage softening.
Microstructure analysis
The microstructures of samples deformed at different temperatures at the strain rate of 0.01 s -1 are shown in Figure 4 .
When the deformation temperature was 1,000°C, the original austenitic grains were stretched under the axial compression and formed "necklace structures" by mixing with dynamically recrystallized small grains around the original grain boundaries. When the deformation temperature increased to 1,050°C, the original austenitic grains were almost fully consumed by the recrystallization grains and DRX tended to be complete. When the temperature was above 1,100°C, the recrystallized grains were all equiaxial and obviously coarsened, with annealing twins existing in some of them. In summary, when the strain and strain rate were fixed, the mobility of the grain boundaries improved and were beneficial to the nucleation and growth of DRX grains.
The influences of the strain rate on the microstructural evolution were also investigated. Figure 5 shows the austenitic structures deformed under different strain rates when the deformation temperature was 1,100°C. When the strain rate was 0.01 s -1 , which is somewhat low, the time for recrystallization was the most significant, and the grain size grew considerably. In contrast, the DRX degree, as illustrated in Figure 5 (b) and 5(c), became more difficult with the increasing strain rate. This was mainly attributed to the fact that when the compression temperature was fixed, the improvement of the strain rate reduced the deformation time, thereby reducing the formation of substructures and their developing rates. Hence, the nucleation of recrystallization became difficult. When the strain rate was increased to 1 s -1 , the deformation was more profound. The recrystallized grains experienced deformation soon after nucleation, which resulted in dislocations. Thus, the strain gradients between the recrystallization cores and surrounding deformed grains decreased [17] , making it too late for the recrystallization grains to mature.
Establishment of hot deformation constitutive model Constitutive relation equation
Previous studies reported that during plastic deformation at elevated temperatures, the flow stress σ of metals is mainly affected by the deformation temperature, strain rates, and strain [5] [6] [7] . The Arrhenius-type equation is widely used to describe the relationship between the flow stress, strain rate, and deformation temperature, while the influence of strain rate and deformation temperature on the high-temperature plastic deformation behavior of metallic materials can be expressed by Zener-Hollomon (Z) parameter, which is defined as follows [6, 18, 19] : 
where _ ε is the strain rate s ; T is the Kelvin temperature K; R is the gas constant 8.314 J/(molÁK); Q is the apparent activation energy of hot deformation J/mol; σ is the peak stress σ P MPa; A, n 1 , n, α, and β are all the material constants of hot deformation. The value of α can be calculable as α = β=n 1 . The three equations in F(σ) are suitable for low, high, and all stress levels, respectively. Based on the flow stress curves of alloy 800H, it can be found that the flow stress level for materials under different deformation parameters is over a wide range (50-300 MPa). Therefore, it was more appropriate to develop the constitutive model based on the hyperbolic sine equation.
Determination of material constants
At a fixed temperature, by substituting the power function and exponential function in F(σ) into eq. (2), the following can be obtained:
where B and B′ are both material constants independent of the deformation temperature. By taking natural logarithm of both sides of the above equations that the following is obtained:
By analyzing the true stress-true strain curves, the relationship between ln _ ε and ln σ p can be obtained, as shown in Figure 6 (a). It can be seen that the lines are almost parallel, indicating that the relationship between the flow stress and the strain rate varies slightly with temperature. Based on this, the average value n 1 of the reciprocal of the line slope was calculated as 5.63. Similarly, according to the linear relationship between ln _ ε and σ p (Figure 6(b) ), the value of β was 0.037. In turn, it was concluded that α = β=n 1 = 0.00658.
By substituting eq. (3), the hyperbolic law of F(σ), into eq. (2), the following is yielded:
By taking natural logarithm of both sides of eq. (9), it becomes: lnð_ εÞ = lnðAÞ + n ln½sinhðασÞ − Q=ðRTÞ (10)
According to eqs (10) and (11), the linear relationships of lnð_ εÞ − ln½sinhðασÞ and 10 3 =T − ln½sinhðασÞ can be obtained, respectively, as shown in Figure 6 (c) and 6(d). The two average slopes were 4.17 and 9.76. The apparent activation energy of hot deformation Q was 3.384 × 10 5 J/mol. By substituting activation energy Q into eq. (1), the Zener-Hollomon parameter equation at the temperature range of 1,000-1,150°C and strain rate range of 0.01-1 s -1 was acquired as follows:
By taking natural logarithm of both sides of eq. (4), the following can be obtained: lnðZÞ = lnðAÞ + n ln½sinhðασÞ (13) According to the Zener-Hollomon parameter equation, ln(Z) values in the current range of temperature and strain rate can be calculated. The relationship between ln½sinhðασÞ and ln(Z) was fitted, as shown in Figure 6 (e), and the related linear correlation coefficient was 0.99. The intercept of the fitted curve at the y-axis was ln(A) = 27.10279, i. e. the value of A was 5.90 × 10 11 .
Therefore, under the conditions of deformation temperatures between 1,000 and 1,150°C and strain rates between 0.01 and 1 s 
where T = t + 273.
Compensation of deformation strain
Based on the flow stress data, it was concluded that strain had a significant influence on the flow stress of the material. However, original constitutive model mentioned previously only took the peak stress into account without considering the stresses corresponding to the strains. Thus, deviations could possibly exist between the predicted stress values and the actual values. To improve the accuracy of the hot deformation numerical simulation and taking the influence of strain into account, the values of material constants were calculated at various deformation strains ranging from 0.05 to 0.75 at intervals of 0.025. Compared to the interval of 0.05 in Refs [12, 13] , the data collected in this study was more abundant, and improving the fitting accuracy was easier. According to the calculation results, there existed complicated nonlinear relationships between the material constants of the constitutive model (α, n, Q, and ln A), as shown in Figure 7 . Therefore, it was assumed that the related constants were all polynomial functions of strain (eq. (15)), thereby the introduction of strain into the constitutive model was realized. Generally, a fourth-or fifth-order polynomial fit can be applied [12] [13] [14] [15] . In this paper, a sixth-order polynomial represented a good fit for the Figure 7 : Relationships between material constants (α, n, Q and ln A) and true strain using polynomial fitting.
effect of strain on the material constants, as presented in Figure 7 . However, with increases in the order of polynomial fitting, Rung's phenomenon may appear to increase the computational error and affect instabilities of computation [20] . The coefficients related to fitting are listed in Table 1 , and it was demonstrated that the sixth-order polynomial fitting results of the material constants α and n were obviously higher than those of the fourth-and fifth-order polynomials. Meanwhile, for Q and ln A, the differences were negligible. Hence, the sixth-order polynomial, which had higher fitting accuracy for the alloy 800H, was used for fitting. The fitted constants are listed in Table 2 :
Based on the relation between Z and σ (eq. (4)), the following can be obtained: sinhðασÞ = ðZ=AÞ 1=n (16) According to the definition of the hyperbolic sine function, it can be derived that the following is true:
Simultaneously, eq. (17) 
Verification of the revised constitutive model
To validate the accuracy of the revised constitutive model for alloy 800H, the calculated flow stress values (348 groups in all) under different temperatures, strain rates, and strains were compared with values obtained through experimentation, as shown in Figure 8 . It was found that under the experimental conditions, the predicted data show a good agreement with the experimental data. In order to quantitatively analyze the prediction accuracy of the proposed model, correlation coefficient (R) was introduced for validation. Figure 9 illustrates the predicted values of flow stress plotted against the experimental ones. As shown, most of the data points lie fairly close to the best regression line, and the correlation coefficient for this revised constitutive model was 0.99648, which indicates that a good correlation between the predicted value and experimental ones was achieved. Additionally, for further measuring the predictability of this revised constitutive model, the absolute average relative error (δ) was used as an unbiased statistical parameter to evaluate the deviation of the predicted values [21] . This error can be expressed as Table 1 : Regression fitting coefficients of constants α, n, Q, and ln A. Table 2 : Value of the coefficients in eq. (15) .
Fitting times
where σ e is the experimental value of flow stress, σ p is the predicted value from the revised constitutive model, and N is the number of data collecting points. The absolute average relative error δ was calculated to be only 2.019 %. Table 3 shows that the comparison of prediction accuracy at different fitting times. and it showed that the sixthorder polynomial fitting results had the highest precision. By comprehensively considering the values of the correlation coefficient and absolute average relative error, it was demonstrated that the constitutive model developed in this study presented relatively high accuracy and was able to precisely predict the flow stress during hot deformation of alloy 800H.
Conclusions
The hot deformation behavior of alloy 800H is studied in the range of temperatures from 1,000°C to 1,150°C and strain rates from 0.01 to 1 s -1 by hot compression tests.
The principal conclusions can be drawn as below:
(1) During hot deformation, the flow stress level of the alloy 800H decreased with reductions of deformation temperatures and increases of the strain rate. That is, the higher the deformation temperature, the lower the strain rate, and the easier dynamical recrystallization occurred. , the activation energy Q of hot deformation was calculated to be 3.384 × 10 5 J/mol. The hot deformation constitutive model constructed in this study was as follows:
_ ε = 5.90 × 10 11 ½sinhð0.00658σÞ 4.17 exp½ − 3.384 × 10 5 =ðRTÞ (3) Based on the Arrhenius-type equation, the revised constitutive model considering the compensation of strain of alloy 800H was constructed and used to predict the material flow stress. The correlation coefficient between the predicted values of flow stress and experimental ones was 0.99648, while the absolute average relative error was only 2.0129 %. Therefore, it was concluded that the revised constitutive model developed in this study was able to precisely predict the high-temperature flow stress of alloy 800H.
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